Published: January 24, 2020

Introduction {#sec1}
============

The utilization of fossil fuels leads to significant increase of CO~2~ (gigaton per year) concentrations in the atmosphere, which is generally considered to be the main reason for global warming. Now, the focus of attention of the scientific and technological world is to take effective methods to deal with the serious situation ([@bib7], [@bib9], [@bib15], [@bib19]). These methods include carbon capture ([@bib9]), sequestration, and/or utilization ([@bib7], [@bib19]). Among them, the conversion of CO~2~ into valuable chemicals is considered as one of the most favorite ones, such as methanol ([@bib8]) and carboxylic acid ([@bib1]). And the syntheses of urea, methanol, salicylic acid, synthetic gas, and organic carbonates have been industrialized.

Yet, the utilization of CO~2~ is far from sufficient. There still remains a challenge for CO~2~ fixation because CO~2~ is thermodynamically stable (Gibbs free energy about −394.4 kJ/mol) and its activation has to break the strong C=O bonds with large bond energy of 532.2 kJ/mol ([@bib13]) to further convert it into other value chemicals. Such activation can only be realized using active catalysts and additional energy input. The reactions associated with it are usually endothermic and have a positive change of enthalpy. In addition, direct fixation of atmospheric CO~2~ needs to extract it from the atmosphere first; this process needs much energy ([@bib3]). The values of the fixation products still need to improve ([@bib4]). In this field, it is a huge challenge and requires an effective strategy to direct fixation of atmospheric CO~2~ with one step at mild reaction conditions.

Heterogeneous catalytic fixation of CO~2~ is one of the few approaches that have the potential to achieve this impressive feat, but it will require huge amounts of catalysts to facilitate CO~2~ conversion on this grand scale. Therefore, the earth abundance, cost, and toxicity of the elements comprising the catalysts become determining factors for successful implementation of the process. Silicon would be one perfect choice on all the above three counts. Molecular silanes are known to convert CO~2~ to its reduced forms ([@bib21], [@bib14], [@bib20], [@bib2], [@bib11]). Recent studies have shown evidence that the hydrides of nanoscale Si materials are capable of reducing CO~2~ ([@bib18], [@bib24]). These demonstrations have explored the possibilities of CO~2~ conversion using Si materials as the reducing agent, boasting a promising, low-cost solution to making value-added chemicals and fuels from CO~2~ and high-energy inputs. However, it still requires a silicon-based strategy able to function at one-step direct fixation of atmospheric CO~2~ by Si-H surface.

Here we report the direct fixation of CO~2~ from the atmosphere to valuable chemical, fluorine substituted polyoxymethylene and hydroxyl substituted polyoxymethylene alternating copolymer (F-POM), by Si-H surface with the assistance of hydrofluoric acid at mild reaction conditions. In the present reaction system, the reduction of CO~2~ is mainly attributed to the high reductive ability of Si-H. For example, commercially available silicon powder (average diameter of 45 μm), with the assistance of HF, denoted Si-H surface continuously, can function as heterogeneous reducing agent for converting gaseous CO~2~ to F-POM, at an initial rate of 6.24 mg·h^−1^. With evidence from *in situ* infrared spectra and mass spectra, we acquired a clear and fundamental understanding on the direct fixation of atmospheric CO~2~ by Si-H surface in HF solution. We further demonstrated that the industrial silicon is also available to directly fixing CO~2~ from atmosphere into F-POM at normal temperature and pressure.

Results {#sec2}
=======

In our experiments, the silicon powder and 4 wt% HF solution were used to fix the atmospheric CO~2~ in an open reaction system under ambient condition ([Scheme S1](#mmc1){ref-type="supplementary-material"}). As shown in [Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C, the as-received silicon powder (10--80 μm) has a quasi-spherical shape with an average diameter of 45 μm. The phase and crystallography of the silicon powder are probed by the powder X-ray diffraction technique ([Figure S1](#mmc1){ref-type="supplementary-material"}G). Typically, 200 mg silicon powder and 50 mL HF (4 wt%) solution were mixed into the container at ambient temperature in air. Air with CO~2~ concentration of about 400 ppm was pumped into the 4 wt% HF aqueous solution with the volume flow rate of 1 L·min^−1^. A series of experiments were carried out with the same material ratio (mole ratio of Si and HF is about 1:16) to study the product yield of this atmospheric CO~2~ fixation reaction. After 1, 3, 12, 72, 168, and 720 h reaction time, the products (a viscous semi-solid, inset in [Figure 1](#fig1){ref-type="fig"}A) were collected with the amount of 6.24, 7.29, 8.29, 10.61, 12.19, and 15.89 mg, respectively. As shown in [Figure 1](#fig1){ref-type="fig"}A, the product yield increases with the extension of the reaction time at first and gradually tends to remain unchanged after 150 h. This feature indicates the products are formed from consumable solid reactant particles. In addition, the silicon powder after reaction was also characterized ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1F). Furthermore, the conversion efficiency may be calculated from [Table S2](#mmc1){ref-type="supplementary-material"} in this revision and corresponding process would be written as (W~F-POM~ ÷ M~repeating\ unit\ of\ F-POM~)/(W~Si~ ÷ M~Si~) = (6.24 ×10^−6^ kg ÷ 94 kg/kmol)/(1.859 × 10^−5^ kg ÷ 28 kg/kmol) = 10%, which means it takes 10 moles of silicon to get one repeating unit of F-POM (or fix 2 moles of CO~2~).Figure 1Direct Fixation of Atmospheric CO~2~(A) Time profile of the product yields. Data are mean of three individual experiments; the inset is an optical photograph of product with 720 h reaction time.(B) GPC chromatogram of the as-prepared product (using ultra-pure water containing 0.1 mol/L sodium nitrate at rate of 1 mL/min as the solvent) with reaction times of 1, 72, 168, and 720 h, respectively; the inset is the enlarged view with time ranging from 25 to 30 min.

Next, we study this polymer-like product with various experimental techniques. Gel permeation chromatography (GPC) is applied to investigate the molecular weight distribution of the product ([Figure 1](#fig1){ref-type="fig"}B). Along with the reaction time the molecular weight of the polymer product increases. The varied peak positions show the increase process of the molecular weight. The main peaks (molecular weight) shaded by yellow area are located in range of 200--1,600. As shown in curve i, a low-molecular-weight peak appears at 1,192 when the reaction time is 1 h. The molecular weight of the product increases with reaction time; the highest molecular weights are 1,204 and 1,512 with reaction times of 72 and 168 h (curves ii and iii, respectively). After 720 h reaction, the highest molecular weight of the product can reach up to 5,702, as shown in curve iv. The number-average molecular weight (M~n~), weight-average molecular weight (M~w~) and coefficient of dispersion Đ (Đ = M~z~/M~w~) of different peaks were determined using the GPC calibrations (see [Table S1](#mmc1){ref-type="supplementary-material"}).

The Fourier transform infrared (FTIR) spectroscopy of HF-treated silicon powder ([Figure 2](#fig2){ref-type="fig"}A) and HF-treated silicon nanowires ([Figures S1](#mmc1){ref-type="supplementary-material"}H--S1I) were collected, which clearly show their Si-H bonds ([@bib23], [@bib28]). Electrospray ionization mass spectrometry (ESI-MS) full scan mass spectrum was further employed to determine the structure of the product. The high-resolution mass spectrum (HRMS) for product with reaction time of 720 h is shown in [Figure 2](#fig2){ref-type="fig"}B (the detailed data are shown in [Figure S2](#mmc1){ref-type="supplementary-material"}). It is interesting to note that the differences between adjacent peaks are always 74 ([Figure 2](#fig2){ref-type="fig"}C), although there are numerous peaks. To further explain the origin of such a difference of m/z 74, an assumption is proposed that the product is a kind of polymer and the difference comes from its repeating unit. On the basis of ionization working mechanism, the repeating unit of the product is determined to be CH(OH)-O-CF-O (repeating unit of F-POM). In addition, control experiments were conducted using pure CO~2~ and Ar as raw material to replace air. The corresponding MS result of the product obtained by pure CO~2~ as raw materials is shown in [Figure S3](#mmc1){ref-type="supplementary-material"}, which has the same differences between adjacent peaks of 74, similar to the data of product obtained by air as raw material. No product was obtained using Ar as raw material to replace air. These control experiments demonstrate that the final product was obtained from CO~2~ instead of other molecules. Moreover, we conducted this experiment via using kerf silicon to replace industrial silicon powder. The as-received kerf silicon with average size of 17.5 μm is shown in [Figure S4](#mmc1){ref-type="supplementary-material"}. In addition, the MS data are added as [Figure S5](#mmc1){ref-type="supplementary-material"}, which showed similar results compared with data obtained by using industrial silicon powder as raw material. The differences between adjacent peaks (Δm/z) are also 74, which demonstrates the kerf silicon has features similar to that of industrial silicon powder; both can be used to fix carbon dioxide.Figure 2Characterization of Si-H Bond and F-POM Product with Reaction Time of 720 h(A) FTIR of silicon powder with HF treatment; inset is the enlarged view with wavenumber ranging from 2,020 to 2,180 cm^−1^.(B) HRMS of the product. The products were directly injected into the MS instrument by means of an autosampler; there was no chromatographic separation step. The mass spectrometer was operated in the MRM mode with a positive ESI source.(C) The histogram of differences between adjacent peaks.(D) FTIR of the product; inset is the enlarged view with wavenumber ranging from 1,100 to 1,300 cm^−1^, the peaks at 1,220 and 1,150 cm^−1^ corresponding to the characteristic peaks for C-F bonds.(E and F) (E) XPS of C 1s for the product and (F) the curves of TGA (black curve) and DSC (red curve) of the product with heating rate of 10°C min^−1^ under air.

The FTIR spectrum shows two strong peaks at 1,220 and 1,150 cm^−1^ ([Figure 2](#fig2){ref-type="fig"}D), the characteristic ones for C-F bonds ([@bib26], [@bib12]). FTIR spectra of products with different reaction times ([Figure S6](#mmc1){ref-type="supplementary-material"}) indicate that the polymer is a fluoro one. For the purpose of further investigating the composition and corresponding valence states, the X-ray photoelectron spectroscopy (XPS) spectra of products with different reaction times were collected ([Figures 2](#fig2){ref-type="fig"}E and [S7--S10](#mmc1){ref-type="supplementary-material"}). The high-resolution C 1s spectrum of product with reaction time of 720 h is shown in [Figure 2](#fig2){ref-type="fig"}E. The peaks at 284.6 and 286.0 eV were attributed to C-C and C-O bonds, respectively ([@bib29]). Notably, the peak at 288.2 eV is assigned to C-F bond. The corresponding peak at 685.8 eV in F 1s spectrum ([Figure S7](#mmc1){ref-type="supplementary-material"}C) can further prove the presence of C-F bond ([@bib6], [@bib25]), which is also consistent with FTIR analysis. In addition, the XPS spectra of products with reaction time of 1, 72, and 168 h were collected as well ([Figures S8--S10](#mmc1){ref-type="supplementary-material"}), which show similar results with reaction time of 720 h.

To further better understand the information of thermodynamic properties for F-POM, the thermogravimetric analysis (TGA) and differential scanning calorimeter (DSC) with heating rate of 10°C min^−1^ were applied in air atmosphere ([Figure 2](#fig2){ref-type="fig"}F). It shows an obvious melting point with part decomposition at 132°C, similar with the thermogravimetric behavior of paraformaldehydes ([Figure S11](#mmc1){ref-type="supplementary-material"}), which have the point in the range of 120°C --170°C, varying with their degree of polymerization. The TGA curve ([Figure 2](#fig2){ref-type="fig"}F) indicates that the product was a paraformaldehyde-like polymer with low degree of polymerization.

In addition, the TG-MS spectra of F-POM were shown in [Figure S12](#mmc1){ref-type="supplementary-material"}. Along with the increasing temperature, five curves can be observed at M/Z = 18, 19, 30, 42, and 44 ([Figure S12](#mmc1){ref-type="supplementary-material"}B). M/Z = 18 is attributed to H~2~O; M/Z = 19 can be assigned to F ions; M/Z = 42 represents HC-O-CH fragment, and M/Z = 44 is determined to be CO~2~. In addition, a difference value of 14 was observed in [Figures S12](#mmc1){ref-type="supplementary-material"}C--S12E, respectively, which can be attributed to -CH~2~ fragment. As CO~2~ is the only carbon source for F-POM, the TG-MS result further proves atmospheric CO~2~ can be directly fixed by Si-H in solution.

Finally, the GC-MS spectra of F-POM were shown in [Figure S13](#mmc1){ref-type="supplementary-material"}. The result of GC-MS is a little different from that of ESI-MS owing to the different detection method. In brief, the detection method of GC-MS needs relatively high temperature, which makes it hard to obtain high-molecular weight fragment owing to direct decomposition of product. Three main peaks were observed in the MS spectrum ([Figure S13](#mmc1){ref-type="supplementary-material"}). The peak at 57 can be assigned to the main chain of CH-O-C-O, and the difference value between 57, 71, and 85 is determined to be 14, which can be attributed to -CH~2~.

To obtain insight on the formation of C-F bonds in the products, the CO~2~ fixation reaction was conducted on a KBr micro-disk, located in the FTIR spectrometer, with the concentration of CO~2~ maintained at 3,500 ppm (for details see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The corresponding FTIR spectra were collected at different times ([Figure 3](#fig3){ref-type="fig"}A). At first, there is only silicon powder and only two strong Si-O peaks at 1,050 and 1,090 cm^−1^. After the addition of HF solution and exposure of the silicon to CO~2~ atmosphere, these two Si-O peaks disappear gradually and various new peaks appear; the peaks at 1,145 and 1,218 cm^−1^ belong to C-F bonds ([@bib26], [@bib12]); those at 1,030, 1,042 and 1,084 cm^−1^ are attributed to Si-O-C bonds ([@bib22], [@bib10]); and peaks at 920, 975, and 1,200 cm^−1^ are assigned to C-H bonds. With the increase of time, the intensity of C-F vibration becomes stronger ([Figure 3](#fig3){ref-type="fig"}B), indicating increase in the F-POM product. Along with the formation and growth of the C-F bond, the peak intensity of the Si-H bond becomes stronger as time goes on. The peaks at 2,090, 2,102, and 2,137 cm^−1^ can be attributed to Si~3~-SiH, Si~2~-SiH~2~, and -SiH~3~ bonds ([@bib23], [@bib28]), respectively. This *in situ* FTIR clearly shows the formation of Si-H and C-F bonds, which demonstrate that the direct fixation of CO~2~ by Si-H surface is feasible.Figure 3*In Situ* FTIR Analysis of the F-POM FormationThe reaction was conducted on a KBr micro-disk. Ten microliters HF (4 wt%) aqueous solution was added on 3 mg silicon powder in the KBr micro-disk.(A) The FTIR spectra were extracted at different reaction times of (i) 0, (ii) 2, (iii) 3, (iv) 4, (v) 6, (vi) 13, and (vii) 55 min.(B) The histogram of intensity of C-F bond at 1,145 cm^−1^ with change of time.

Discussion {#sec3}
==========

On the basis of the above characterization, the direct fixation mechanism of atmospheric CO~2~ is schematically illustrated in [Scheme 1](#sch1){ref-type="fig"}. The first step is the formation of Si-H bonds on the surface of silicon via the addition of HF aqueous solution to remove the outer oxide. At the same time CO~2~ was adsorbed on the surface of silicon and inserted into Si-H bonds to obtained Si-O-C(=O)-H ([@bib21], [@bib17]). In the following step, Si-O bond can be broken under existence of excessive HF aqueous solution. Fluorination and hydration of the first C atom were performed and two intermediates were obtained. And then, the product is formed via polymerization between those two intermediates. It is worth noting that the final product can be continually formed due to the existence of Si-H bond. The proposed mechanism has been listed as Note 2 in the [Supplemental Information](#appsec1).Scheme 1Reaction Mechanism of the Direct Fixation of Atmospheric CO~2~ by Si-H Surface in SolutionNumbers 1 and 2 indicate two reaction intermediates that can polymerize to the final F-POM product.

As shown in the above results, in the present reaction system, the reduction and fixing of CO~2~ is mainly attributed to the high reductive ability of Si-H. After reaction, the Si-H surface can be regenerated with the assistance of HF, and then this reaction was continued until the Si was consumed. Furthermore, nanosized silicon or porous silicon structure will provide a large-specific-area Si-H surface, accelerating the CO~2~ fixing reaction. Although the high concentration and/or high partial pressure of CO~2~ are favorable to the CO~2~ fixing reaction, the separation and extraction of CO~2~ from air still need extra energy. Thus, the direct fixation of CO~2~ from the air proposed by the present method has obvious advantages in saving energy and simplifying the process. Of course, if we can further develop our reaction system so that it can couple with the CO~2~ emissions in the present industry process, it will greatly improve the efficiency of CO~2~ fixing reaction.

In addition, silicon nanostructures have very rich photochemical properties, and then the introduction of solar irradiation into our reaction system may further enhance the fixing ability of atmospheric CO~2~. Finally, we want to point out that, with silicon as raw material, CO~2~ in air can be captured and fixed in HF solution to form F-POM, in which, SiF~4~ and/or H~2~SiF~6~ are by-products. In addition, the massive product of polysilicon production up to 227,000 tons in 2013 (From [@bib27], <https://encyclopedia.thefreedictionary.com/Polycrystalline+silicon>.). It is estimated that about half of the silicon becomes kerf loss silicon during the slicing and lapping processes. Therefore, kerf loss silicon is a cheap and abundant material ([Transparent Methods](#mmc1){ref-type="supplementary-material"}) ([@bib5]). Low-value kerf loss silicon is also available to directly fix CO~2~ from atmosphere into F-POM. The by-products SiF~4~ could be converted to Si from the pyrolysis at high temperatures either at atmospheric or at low pressure ([@bib16]), which will make up for the shortcomings (HF acid as raw materials, SiF~4~ as by-product) of the present reaction system. This work opens up a new avenue to deal with the greenhouse gas CO~2~, which is of great significance both for the scientific and practical values.

In summary, we report fixing CO~2~ directly from the atmosphere to valuable chemical F-POM by Si-H surface with the assistance of hydrofluoric acid at room temperature. The reduction and fixing of CO~2~ is mainly attributed to the high reductive ability of Si-H. After reaction, the Si-H surface can be regenerated with the assistance of HF (4 wt%), and then this reaction was continued until the Si was consumed. In the present reaction system, CO~2~ is fixed with HF together to from a polymer (F-POM) and silicon was converted into silicon fluoride as a renewable by-product. We further demonstrated that the low-value industrial silicon is also available to directly fix CO~2~ from the atmosphere into F-POM at normal temperature and pressure. Making use of the Si-H surface toward the fixation of atmospheric gaseous CO~2~ is a conceptually distinct and commercially interesting strategy for making useful chemicals and environmental protection. This work also indicates that the Si-H surface might be employed to assist other catalytic processes in CO~2~ conversion.

Limitations of the Study {#sec3.1}
------------------------

We designed a new reaction system to fix atmospheric CO~2~ directly by Si-H surface in solution. Although we can obtain a paraformaldehyde-like polymer in ambient condition, the safety of HF should be a notable thing. In addition, the mechanism should be proved by more advanced methods. The limitation of this study will be taken into account in our further work.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S13, Scheme S1, and Tables S1--S5
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